DECISION FEEDBACK EQUALIZATION OF FIBRE 
OPTIC DIGITAL COMMUNICATION LINKS 


A Thesis Submitted 

In Partial Fulfilment of the Requirements 
for the Degree of 

MASTER OF TECHNOLOGY 


by 

MAJ S. K. DOGRA 


to the 

DEPARTMENT OF ELECTRICAL ENGINEERING 

INDIAIS INSrrrUTE OF TECHNOLOGY. KANPUR 

SEPTEMBER, 1984 



i I Si-> m 



l<^ QH- H- 


JDeC. 



CERTIFICATE 


Certifiorf th."'. fc this work on ’DECISION FEEDBACK. 
ECiJALlZATION OF FIBRE OPTIC DIGITAL OOJvii.nUi! ICATION 
Lir-IKG' by Maj. S.K. Dogra has been carried out under 
ouj' supervision and has not been submitted elsewhere 
for a degree. 



( j'ar’sTLT Sunian-a Gup ta 
is tan t Pro foe so r 


Ass 


( P.K. Chatlerjee 
Pi'o fosGor 


) 


Department of Electrical Eng'ineering 
Indian Institute of Technology 
KANPUR 


POST ORA' 

y< ’ 'VrE OFFICE 

This thesis li s 

i/ !i a ;M;! 

( h(* awaf . ^ 

<4 ' at* ! /<* :i vv of 

M.i.si •! ■,!' 

i : 1.0 ,>/ (.:i i'ceh.) 


'A 1 ' ' ; 1 1 It; 

>11% » .f 

iliC III ilufl { 

iiisiitutc (jI rcchiiolu'/y .viillpac i 

t)^iUcdi» j 1 ^ 




Ill 


AGCNOWLEDGE^ENT 

I am most indebted and grateful to Dr. P.K, 
Chatterjee and Dr.(j:irs.) Sumana Gupta for thoir 
encouragement and valuable guidance throughout the 
course of this work. 

My sincere thanks to Mr. P.G. Poona cha, who 
helped me in clearing many bottlenecks. 

I am grateful to Major Pv.K. Sharma and Mr, Gautam 
Dob for their help. 

The excellent service of Mr, J.G, havvat, who 
typed the thesis, is also deeply appreciated. 


Ma j , S.K, Dogra 



IV 


ABSTRACT 

Performance of some fibre optic digital communication 
links with different source- detector combinations and fibre 
lengths are evaluated. Fibres are dispersive in nature and 
spread the optical signal on transmission through them. 

This dispersion with additive noise cause intorsymbol inter- 
ference (ISI) at higli data rates, A decision feedback 
equaliser (DFE) has boon used to reduce the effect of ISI, 

To evaluate the performance of the DFE, the optical 
systems with different lengths and sources have been 
simulated on the digital computer DEC- 1090 system. Simula- 
tions have also boon carried out at much reduced data rates 
without tho DFE. Results indicate that similar performance 
in terms of the probability of error of th'..- system can bo 
achieved without an equaliser, but, at much reduced data 
rates. P(o) bettor than 1.25x10“'^ has boon obtained with 
laser source and P(e) of 2,5x10"^ with LED source for a 
SNR of 14 dB. 
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INTROEXJCTIOi'I 

1.1 GENER^VL: 

Tlie uSG of liyht for sonclini; iaossage inf orfi© tion 
goes far back into time. In 1876 ^d-oxander Graham j3ell [l] 
explored thc' use of light for nud'^o Gomnunication. The 
invention of the LAoER [7'] in 196U-61 stimulated widespread 
interest in the use of light for c Oininunica tion purpose. 

In 1966 K.G, Kao and G.-R. Iloclch^un [3] proposed that optical 
fibre be used as dielectric ’.vavo--guides in under ground cable 
to carry information. Tlie adv-mt of optical fibres added 
a new dimension to optical coinmunica. tion. In 1968 typical 
fibre losses wore above lOCX) d3/km, but by 1970 losses 
under 20 clu/km v^ore achieved. 

Presently installed fibres have losses in the range 
of 3 dB/kni or less at v/ave lengths of 820-850 nm. Laboratory 

j 0 w B. S 

samples have shown looses as/O.d? diB/km at 1550 nm wavelength 
The present objective is to develop fibres with losses around 
1 dB/km for corarerciai use, ' 

The advantages offered by Tibre optical comiauni cation 
are enumerated belov>?. 
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a) The system is iiatuuno to RFI and cross 

ta Ik , 

b) It offers larrjG bandv/idth and lovv loss, 

c) Small size and v>/eioht with consequent ease of 
installation and reducod transporta tion volume. 

d) Potential low cost 

e) No electrical ground loop or short circuit problem 

f) Reduction of total system pov'er consumption. Actual 
power output used is of the order of mw, 

1.2 OPTICAL FIBRE COMUiTICATION SYSTEM: 

The block schematic of the fibre optic digital 
link is shown in Fig. 1.1. The system can be divided into 
two main parts - one part v/hich deals with the electrical 
signals and. the other part dealinc; with the optical energy. 
The later part is shown v'ithin the dotted lines in the 
figure and includes the optical source, the optical fibre 
and the photodetector. 

The different subsystoms in the fibre optical digital 
link are briefly explained below, 

Dri ver: Like in any coiiimunication system the input signal 
or data first modulates a carder v/hich is propagated 
through the channel. Mere too the input modulates the optica 
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source directly, when the input '1', the optical source 
is turned on otherv/ise it is ]:ept off. 

El.gp .'tr o- optica 1 Tra ns duco r ; Sciaj conduc tor laser and light 
Ciiiission diode (Li-D’s) are being used for converting 
electrical signals into optical signals. In the system 
under discussion v^c have used both, t'ne laser diode as 
well LED. 

ic_a 1_ _FjJjr op The optical slc.naic aro propaaatod through 
tho opticcul fibres channel. Those signals unciorgto some 
losses anc’ distortion depoiulinq upon Iho characteristic of 
tho fibre. The distortion is such that it spreads the 
signal j;ulco in time d.ohiain. Tills is mainly caused by tvJo 
types of dispersion in optical fibres, i.e. intermodal and 
material di'-porsion. llo'./over, in graded- index fibres 
only tho iv.a terial dispersion is significant. 

Qj i c PJ. » The optical s i gn a 1 is r e c e i v e d 

by a pho to-'C'O toctor , i/hicli converts the incident optical 
signal into on electrical sicpial, TIic photo do tec tors a.M 
mainly of two types. 

1. P-I-'i'I Diodes 

2. Avalanche photodiodes (.PD’s) 

Fro nt End Koceivor : The front end receiver circuit is a 
combination of a pre-amplifier and a post.-ampiifiGr. As 
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the data rate is very high, the pr e. .amplif ier is implemented 
using a FET, CA-3127E. 

Equalizer ; The distortion in the optical fibre channel 
spreads the signal pulse in time domain. The material 
dispersion and the additive noise of the system cause ISI. 

An equalizer is used to reduce tlio effect of the I SI. In 
the system under discussion we have used a Ilecision feed- 
back equalizer, which reduces the magnitudes of the inter- 
fering samples. 

Bit Synchroniser: The bit synchroniser recovers the symbol 
timing clock from the received signal and selects the 
sampling instants. The equalizc.'d signal is sampled at the 
right instants and at the rate at v;hich it is received. A 
decision is then made about the campled signal using a 
threshold detector, and wo got the required signal after 
it is decoded suitably. 

In any communication system thu input signal modu- 
lates a carrier which is propagated through a channel. Here 
wo consider the input as a Binary data sequence of '1' or 
'0*. The optical source output intensity is modulated by 
the input electrical signal, Tlius when a '1' is trans- 
mitted the optical signal having some intensity propagates 
through the fibre. The impulse response of the fibre 
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spreads the signal pulse in time domain. The attenuated 
and dispersed optical signal when arrives at the receiving 
end of the fibre, it is converted into an electrical signal 
by direct detection in the photo detector. During the detection 
process certain noise inherent to the d'^tection mechanism and tl 
fron't-ond circuits got added 'to the signal. The effect of the 
noise- depends upon the typo of the photo detector used. This 
will bo discussed in a later section. 

By the principle of superposition for optical 
fibre transmission (Porsonick [H]) single pulse descrip- 
tion can bo extended to obtain a model for the transmission 
of an entire sequence of ON and OFF pulses. The photo 
detector output r(t), can bo written as 

r(t) = E g^ s(t-t^) + n(t) (l.l) 

K 

whore the time instants form a poisson process having 
intensity /\(t), v/ith 

/\(t) = E Pp(t-iT) + /Xq (1*2) 

where = avalanche gain factor 

s(t) = output pulse of photodetoctor 
n(t) = additive noise 

T = signalling interval 
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>_ 0 is the dark currant 
= 0,1 equiprobablG data cymbols 
> 0 pulse response of the fibre 

The output from the photodotector as given by 
oq. (l.l) is then filtered to reduce the effect of noise 
by passing through a low noise pro-amplifier, A decision 
is then made about the received signal using a threshold 
detector and wo get the required signal. 

An optical fibre communication system might differ 
from the one discussed in this section depending upon the 
source, data rates and fibre length used. These aspects 
have boon discussed in the chapters to follow, 

1.3 NOISE IN PHOTO- DETECTORS: 

The photo- do tec tor current consists of the sum of 
displacement currents of individual hole and electron 
pairs generated within the photo-detector. The time at 
which electrons are generated duo to absorption of the 
impinging photons are random and obey Poisson distribution. 
Every individual optical pulse (correspondence to ’!*) 
differs from the average by some unpredic t?iible amount 
and this difference can bo termed as a signal dependent 
noise. In practice electrons are also emitted when no 
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optical signal (photons) fall on the photo-detector. This 
is called the dark current and is modelled by introducing 
a constant additive intensity function ^ ^ before the 
detector (see eq. (1.2)). To transmit a 'O', the optical 
pulse is not propagated for that bit interval, but, the 
detector emits electrons due to thermal ionization (dark 
current) . 

Another source of noise is thermal noise which is 
always present in electronic circuits. A circuit model 
(Fig. 1.2) is shown to illustrate the various noise sources. 
The output current from the photo-detector is given by 



Fot" sson P?ifsca/:>S 


±‘Z ^^ETfcCTOR <ho^£L 
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i( t) = -h i*^( t) + (1.3) 

where, 

i®(t) = S h (t-z.) 

j=l J ® 3 

N^(t,t+T) 

I^(t) = 2 g. h,(t-.z. ) 

j=l ^ ^ J 

c* 

whore i'^(t) is the shot noise process (signal dependent) 
and Ng(t,tfT), the number of photo-olectrons generated in 
a closed interval [t,tfT], is random and has Poisson 
distribution with moan /\e(t) 

O 

t+T 

where „(t) = / p(t) dt 

® t 

z. is the time when the jth electron is omitted^ h_(t) 

J ° 

is the time invariant filter modelling the component 
function of the shot noise, i^(t) is the dark current 
process with an intensity 

i^ ( t) is the additive thermal noise process and 
g^ is the gain of the photo diode. 

In the case of a PIN diode detector 9^=1, and puiso 
signal-to-noise ratio, is of the order of 

-20 dB. Therefore, the shot noiso is neglected in compa- 
rison with the thermal noise in the case of PIN diode. 
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In the case of APD detector the gain is large. This 
increased g ^ , increases the shot noise. Pulse signal- 
to-noise ratio /g"” h^'^( t)dt/N is of the order of 20 dB. 
Here the shot noise is quite large compared to the 
thermal noise and henco thermal noise is neglected when 
APD detector arc used. As we have used a PIN diode 
detector in the F.O.C. system studied, wo can neglect the 
shot noise component, 

1.4 EQUALIZATION: 

Tho model of the F.O.C, system has boon discussed 
in Section 1.2, In that section wo have noticed that 
received pulsos are spread out in time. Therefore, tho 
transmission of higher and higher data rates will be 
possible if the fibre optic medium accomodates larger BVi?. 
Otherwise, with tho higher data rates, ISI win increase 
and inturn increasing tho probability of error. 

There are two general methods for equalization: 

a) Frequency domain equalization, and 

b) Time domain equalization 

Hero wo will discuss Time-domain equalization. 
Since early i960, there has boon a lot of interest in 
time domain equalizers. 
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A typical fibre optic rocoivor for digital signalling 
schemes consists of a photo-dotec tor , an complifior, an 
Gqualizor and <1 decision dovico, along with the* necessary 
Synchronization circuits- as shown earlier, Vvo treat the 
fibre optic channel as linear in power [4,5], i.o, 

00 

P(t) = S I(i) h,ft-iT) (1.6) 

i=_co 

vi/hore , 

P(t) - is optical power driving the photo- do toe tor 
I(i) - optical power from source 
h ( t) - is the fibre response 

The average signal at the equalizer output is 

00 

< y(t)>= i I(i) p(t-iT) (1.7) 

i=— 00 

where p( t) is the overall pulse response. The equalizer 
output is given by 

00 

y(t) = Z I(i) p(t-iT)+n(t) (1.8) 

i=-co 

where n(t) is noise, modelled as a Gauss ian-plus filtered- 
Poisson process. 

In time domain, the received signal after the 
photo-detector is fed into the equalizer which is a 
delay lino with multiple taps, viz. Transversal filter of 
Fig, 1,3, The tap weight vector C i [0^02* . is 



12 



L- 


flc-, L'3 TAPP&0 OP/-AY-L 


I Kt rt c /'i A 1 (-‘SCO 


computed in order to satisfy a suitable criteria. Two 
equalization criteria are often used, viz. zero-forcing 
as suggested by Lucky [6] and minimization of the moan- 
square error (MSE) [7]. In the zero forcing criterion the 
output distortion ’ D' is minimized, w'horo 


D = 





' >/ 
K=-oo, 0 


and the peak distortion of the unoqualized pulse < 1. 

In first case, C is computed by solving a linear 
system. The second criterion minimizes the MSE between 
the received sequence estimate and the transmitted sequence. 
From a mathematical view point, this approach searches for 
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linear least squares solution. The main draw back of the 
tapped delay line equalizer results from the fact that the 
length of the equalizer tends to infinity. 

In 1967 Austin [8] determined a new suboptimal 
receiver structure which is non-linear and uses its previous 
decisions to reduce I SI in high speed data transmission. 

It is called a Decision Feedback Equalizer (DFE) as it feeds 
back the output symbols through another TDL for comparison 
with the forward TDL output. After this a lot of work has 
boon done on DFE. The main advantages of DFE are; 

i) Number of taps required for the forward TDL is 
much loss than the transversal filter equalizer 
(unitary equalizer) tap delay lino. 

ii) The number of taps required for the backward TDL 
is also limited, 

iii) The performance of the DFE is bettor than the 
unitary equalizer for the same data rate, 

1.5 EQUALISATION IN FIBRE OPTIC DIGITAL TRANSMISSION: 

Since the development of fibre optic digital commu- 
nication, a lot of work has boon done for the minimization 
of ISI and noise, 

Foschini ot.al, [9] in October 1975 worked on 
optimum direct detection of digital data signal. In their 
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approach they processed tho output of tho photo-dotoctor , 
so that the- probability of error is minimum using tho 
Vitorbi algorithm detection principle. Vitorbi algo- 
rithm detector is difficult to impl^.ment in hardvi/are for 
high data rate systems with present day technology, A 
Sub-optimal solution using a DFE as tho first stage in 
place of tho first VA detector of above has been considered 
by Govind Sharma [lO], The second stage of the receiver 
as obtained b;/ him is also quite complex as It requires 
large memory and a very high ssampllng rate, 

Doqliotti etaal. [ll] in 1976 considered tho 

problem of base-band equalization in optical pCM fibre 

system. For tho given data and fibre characteristics they 

have suggested an equalizer transversal filter, where 

tho tap Weight vector C % ... C^] are computed in 

order to satisfy a suitable criterion for tho minimization 

of ISI. In this paper as well as one by Dogliotti and 

A. Luvison [12], the authors have minimized IS^ by sequence 

estimation technique. In such a case, tho received process 

is written according to its 'state equations' and tho 

optimum estimator is derived as a Kalman Filter [13], For 

TDL structures, tho MIvlSE criterion guarantees bettor 

performance as shown in Fig, 1.4. This figure corresponds 

-Q 

to a probability of error of 10 and shows that hiUSE 
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equalization is better than zero forcing equalization and 
also when o/T<l, then we can even ignore the equalizer 
provided that SNR is high enough, 

D. G, Messers chmitt [l4] considered a digital fibre 
optic transmission system v,;ith Poisson signal statistics 
and additive wide sense stationary noise. The criterion 
of optimization is MSE betv\/een Lho decision threshold 
input and the current data digit , Ho has considered 
the zero forcing criterion as vjqH as MMSE for both linear 
and non-linear (DFE) equalizer and obtained solution for 
each criterion. Some special cases like white noise and 
band limited noise have also been considered. Capt, R. 

ViJahi [l5] designed and evaluated the performance of the 
DFE based on the Austin [8] sub-optimal rocoivor structures. 
Ho also included prodistortion filter in the transmitter and 
then evaluated the performances of system. At lower SNR 
values pre-distortion filter reduces error and gives a 
gain of approximi tely 1.5 dB. G. Tamburolli [16] has 
examined the performances of decision feedback and feed- 
forward receiver where the post-cursor correction is 
carried out only once while the precursor correction takes 
place many times without requiring complex circuits as 
the relevant transversal filter consists of only one or 
two taps. He has shown that the post-cursor of the 
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incoming signnl is compensated by the decision feedback, 
thus at the output of a first decision circuit the trans- 
mitted signals arc evaluated v;ith an error probability 
relevant to a decision feedback receiver, and precursor 
are compensated by other decision circuits which follow the 
first. Ho has shown that this arrangement is superior to 
the existing ones and allows a transmission rate equal to 
twice the Nyquist rate. 

1.6 PROBLEM DESCRIPTION: 

The problem considered in tnis thesis is to evaluate 
the performance of the Digital Fibre Optical Communication 
System at different data rates. The following systems are 
cons id or ed, 

a) Source-laser diode, link length 2.155 km 

b) Sourco-LED, link length 2,155 km 

c) :^our co-laser diode, link length 4.310 km 

At higher data rates, noise and I Si affect the performance 
of the system. This can bo reduced with the help of an 
equalizer, V<io have used' a DFE for this purpose. The tap 
weight values for the DFE are calculated by Monsen' s 
Adoptive linear filtering method. 
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The F.O.C, system is simulated on the digi’tal 
computer DEC-™1090 system to find the maximum data rate 
that can be transmitted over the system vvith and V'/iidnout 
the DFE for different St^IR values, 

1.7 ORGANISATION OF THESIS: 

This thesis comprises 5 chapters. In Chapter 2, we 
havG briefly roviowed the work done on adaptive equalizers 
by Peter JVbnsen, Chapter 3 describes a fibre optic commu- 
nication system and its link parameters and the design of 
the DFE. It also describes the impulse responses for 
various link lengths and the band/vidth of the channel. 

Chapter 4 describes the simulation of the DFE on the 
DEC 1090 System. Tap gain settings and the probability of 
error for various SNR’s at different data rates are tabulated. 

Chapter 5 concludes this thesis with a discussion of 
the results obtained, and some suggestions for possible 


future work 


CHAPTER 2 


DECISION FEEDBACK EQUALIZER 

2.1 INTRODUCTION: 

Synchronous digital communication systems are 
degraded primarily by noise and intersymbol interference. 

To combat these effects,, equalization techniques [l7],[l8], 
have been suggested. In 1967 Austin [ 8] considered a 
feedback receiver that compensated for the effects of inter- 
symbol interference duo to both future and past symbols. 

His optimum structure consists of a ma tched-filter, transversal | 
filter combination (forward filter) operating on the 
received signal and a feedback linear filter operating on 
the past decisions. The past decisions have been assumed 
to be correct. Non*- stationary effects of the channel wore 
not considered. ' 

Peter Mens on [19] has worked on adaptive equalization : 
again under the fundamental assumption of no decision error 
So that the output digits can be assumed correct. The i 

optimality criterion is minimum'-moan-squaro error (iviMSE), ; 

Under this criterion, the receiver is shown to bo superior 
to one without the feedback path, ; 

This feedback receiver, besides mitigating noise and ISl 
acts to eliminate timing jitter and Doppler shifts in the ; 

, I 

channel. i 
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Some theoretical calculations and experimental results 
indicate that the error propagation effect due to incorrect 
decision is not large, (Austin has also shown it). Since the 
ISl span is normally short, a discrete jviarkov process model 
for analysis of the error propagation effect can be used to 
determine the error propagation orfoct. 

2.2 SYSTEM DISCRIP TIONs 

The communication model under study considers trans- 
mission of serial binary data over a linear channel for which 
the dispersion has width of the order of "H'le data rate 
reciprocal. The channel dispersion produces ISI which can 
be excessive. 


The cominunicotion model is shown in Fig, 2,1. If the 



.d, 1 EA: A/./2 tfc. SySTCl''i 




FtX'.-cl toC'C k 







20 


channel impulse response is h(t), the received signal r( t) 
is given by 


r(t) = E S.h(t-. iT) + n(t) (2.1) 

i 

whore T is the interval betVi/ecn symbols. 

The binary digits 3^^ are equally likely, and have 
a correlation function. 




( 2 , 2 ) 


The noise term is a realization of a zero-mean white Gaussian 
process with spectral density p,. 


The receiver consists of tv/o linear filters, the forVvrard 
filter that operates on the received signcsl, and the back- 
word filter that operates on tho reconstructed data. Delays 
in the channel impulse response can force the use of a 
noncasual forward filter when tho transmission delay is nor- 
malized to zero. Accordingly, the impulse response of tho 
forward filter Y(~'t) is defined over the entire range 

- CO < t < OO, 

The backward filter has discrete input and output 
and thus can be realized as a transversal filter with symbol 
interval tap spacings. Because the filter is located in a 

ly II I d i i n i ii K i i i mm I 

It i* miMUomilY convenient to define the foTmM filtei? 
liipuli® retpone# es the function 
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feedback loop, it can only operate on past reconstructed 
digits* Its impulse response can then be written in terms 
of the transversal filter tap gain b^^ as 

oo 

b(t) = S b.'(t~iT) (2.3) 

i=l ^ ' 

The reconstructed digits are formed by a decision device 
that produces the sign of the analog sample at the summed 
output of the tv;o filters. 

2.3 EQUALIZATION FOR KMOVi/N CHAI'INOL; 

To solve the time varying digital communication 
problem, various optimization criteria will be investigated 
for a stationary environment. After considering the 
different criteria, adaptive techniques will be considered. 
The input of the forward corrective filter is the sum of 
the signal and noise terms. 

OO 

r(t) = E a, h(t-KT) + n(t) (2.4) 

K=-oo ^ 

Tlie forward filter linearly operates on the recon- 
structed discrete synchronous output. The outputs of the 
forward and backward filters are combined. The impulse 
response of the backward filter can be written as 

OO 

b(t) = E h^f;(t-KT) 

K=-co 


(2,5) 
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Thus the combined signal into the decision device at the 
sampling time jT is given by 

's. = Y. - z. = Z y{u) r(jT+u)du ■» Z b. S- 
J J J j=»=o (=1 

( 2 . 6 ) 

Under the assumption the input to the decision 

device can be split into tho signal, noise and intersymbol 

interference terms. These components found from equations 
(2.4) and (2.6) arc as follows 


U 'signal = U -‘'-o 

b ' in fcersymbol ~ 1 I "i 

interference 

noise ~ X'S.j 


(2.7) 


S S . , 

=1 ■ J • 

( 2 . 8 ) 

(2,9) 


A receiver design depends upon tho criterion which 
minimises tho intersymbol interior .’nco term and the noiso 
term, 


2,3,1 Unitary Equalizer; 

In this section following typos of unitary equalizers 
are described in brief. 


1, Transversal Filter Equalizer 

2. Zero Forcing Equalizer 
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2. 3. 1.1 Transversal Filter Equalizer: 

For a unitary equalizer in a receiver consisting of 
only a forward filter and a decision device, the inter- 
symbol interference term can be eliminated if a function 
y( t) can be found. y( ’ t) may bo a tandem configuration. 

oo 

Y(“t) = f g(-u) ',/(t-u)du (2.10) 

*-.oo 

where g(-t) is the impulse response of a fixed filter with 
bandwidth roughly equal to that of the channel, and Vi/( t) 
is the impulse response of a transversal filter Vi/ith tap 
spacing equal to the syiTibol interval. 

If the transversal filter has negative - index tap 
outputs and N 2 positive index tap outputs, W( t) takes the 
f orm 

N2 

h(t) = E W. f;(t-iT) ( 2 . 11 ) 

i=-N^ ^ ' 

where is the ith tap gain. Those tap gains are then to 
be chosen to minimise the effects of intersymbol interforonco. 
The forward filter impulse response is given by 

Na 

Y(-t) = Z W. g(lT-t) (2.12) 

and the system pulse response is 
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q,^ 4 q(KT) = Y' h,. = V/. 

The integral in oqn, (2.13) is 
input to tho transvorstil filter 


CO 

/ g(u-f iT)h(u+KT)du 

i-»CO 

(2.13) 

tho pulse response at the 
at the sampling time (K--i)T, 


Let 

oo 

9y = S g(u) h(u-i-KT)c]u 


(2.14) 


Thus eqn, (2.13) can bo written as 

% = ®K-i = a' 


whore, 


w = 

1 

il 



i'<r.T 




2 i 






(2.15) 


( 2 . 16 ) 


For tho unitary equalizer tho intorsymbol intorforonce term, 
eqn. (2.8), is then 


3 


inter symbol i 
in terforunco 


(2.17) 


with a finite number of dogroos of equalization freedom. It 
may not bo possible to force eqn. (2.17) to bo identically 
zero. A possible optimization problem is 





min S , q = constant (2.18) 

> / 0 

The porformanco of the unitary equalizer can be 
considercci by first evaluating the performance when and 
N 2 infinity and then investigating the case when or 
restricted to a finite number of degrees of froodom, 
V/hen Nj^ and 112 most eases be 

reduced to zero if 

00 

'k = "A-i = °> K 0 

2. 3.1.2 Zero Forcing Equalizer; 

Intorsymbol intorforonce can also b<^ minimiaori by a 
zero forcing equalizer as suggested by Lucky [6], The 
peak distortion for the pulse q(t) is 

, 0° 

T^l kL„ 

The input pulse to the equalizer will bo assumed to have 
initial peak distortion D^. The reference sample will 
also bo normalized to unity. The problem is to dotormine 
the tap gain coefficients for a tap transversal equalizer 
which minimises the final peak distortion. 

Lucky establishes that at minimum distortion, at 
least L~1 values of q^^ must bo zero. This gives L~1 equations 
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in L-l unknowns, but tho question remains as to which L-l 
zeros in the output response does one force to achieve 
minimum distortion, A key theorem is then proved which 
shows that if the initial distortion 

1 °° 

°o = -fl-T 1 0ol t2-20) 

• 0* K**-oo 

Kv^o 

is less than unity then the minimum output distortion must 
occur for those L-l weight values vdnich simultaneously 
cause the corresponding output response sample to be zero, i, 

° ^ ^ 0 ( 2 . 21 ) 

when Dq > 1, the settings which force corresponding output 
zeros may not be the optimum values, and a distortion greater 
than the minimum may result. 

This approach is designed for channels where not only 
is intersymbol interference tho limiting factor (since noise 
power is not considered) but, also whore tho intersyrnbol 
interference is bounded above. This situation exists to a i 
large extend on telephones channels whore tho technique 
has been applied, i 

2,3,2 Feedback Equalizer: 

Last SGctjkon described tho class of unitary equalizers 
which operate on only tho received signal. Tho feedback ! 
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equalizer also considers the r oc on s tructod data sequence 

which has been assumed to bo tho transmitted data. This 
section describes the choice for forvi/ard and backward 
filters for an intersymbol interference minimiza Lion , The 
prefilter is taken as a match.ed filter so the input noise 
power to the transversal filter is ruinimized. 

From eq. (2.C) the ISI tori.i at the input to the 
decision device is 



= E 

inter symbol f.?^o 
in ter ferenc e 


CO 




( 2 . 22 ) 


where 

q= ? (2.23) 

1 

For minimization of intorsymbol interference, the feed- 
back filter bo 


1 + 

jD.,. 

1 '%. 


AS, 


0 , 

3 




^ /im f 9 m m f 


(2.24) 


For this choice of a feedback filter, all the ISl due to 
past pulses is conceled exactly, Tne ISI power becomes 


9 \ "1 

Y- =4 S 


% 


'-.■2 




3 


(2.25) 


which, with an infinite number of degrees of freedom can bo 
reduced to zero, Tho optimum weights solve tho semi- 
infinite set of equations. 
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CO 

_£ K < 0 (2,26) 

Peter luonsen [l9 3 » solved these oqi'ations by spectrum 
factor iza tion. 


Since unitary and feedback equalizers reduce the I SI 
to zero, one would quali-ta tively expect the feedback 
equalizer to be superior because of its noise advantage. 


2.3,3 Mean-Square Error i.dnimization : 


For channels vdaich arc not limited solely by 
either iSI or additive noise, an optimizing criterion should 
be chosen vdiich minimises both the effects. The feedback 
receiver minimises the mean square error. The error is 
defined as the difference betv^een the analog voltage at the 
input to tlio decision device and the corresponding trans- 
mitted binary digit, i.e. 



(2.27) 


where 




t=l 






b, 


Y* n^ 


(2.28) 


Here error is produced 'oy both ISI and additive noise. The 
minimun rnean-square-error equalizer minimizes the mean 
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Square of eqn. (2.27) with respect to both forward and 
backvjard filters. By including the bactovard filter in 
the optimization. Monsen has shown that the MiMSE feedback 
equalizer is superior in the absence of decision error 
to the kiiiuSE unitary equalizer. 


This criterion of minirra.in>-'!nan-squaro error (MMSE) 
has been compared v\/ith the minintu’." probability of error 
(ivPE) criterion. The later is the !)oct criterion for the 
class of receivers that consider only one symbol at a time. 
The APE receiver and its associated probability of error 
were deteriiiinod by using steepest descent techniques. It 
was seen that the IvpE receiver h-vl cic;nif icantly better 
performance than the Ju’viSE receiver. Ho\-vever, it was 
finally concluded from this study that although the two 
criteria are not completely equivalent in performance, a 
vast majority of situations do load to equivalent perfor- 
mance. The simplicity in the use of the ivijMSE criterion is 
then the deciding factor in the choice of the criterion. 

The minimisation problem to 'oc studied can be 
stated as 


min MSE = 




.)• 


■ - f • 


(2.29) 


The input to the forv/ard filter in the vector notation will 
be defined as = r('bfi^T), so that 
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-K 


^ ij I 


i 


K 




Then let 


(2.30) 

(2.31) 


-•K 



1 — } 

1 

f 

h 


'\-2 


bo 


• 

. 12 = 

j 

o 


m 

1 1 


• 


(2.32) 


be semi-inTinite column voctorc, co Lho decision device 
incut is 




Q» 


b 


(2.33) 


The jv'JviSE optimization is invariant to the choice of time 
origin so that for siinplicity the zeroth sampling instant 
is chosen. The minimization Ct.n now be cast into a more 
fa mil ia r C or rn , i . e . , 


min jfoH = (r'x ’• 3' b -3)" (2.34) 

X,li 

By the introduction of partitione'l vectors,, oqn, (2.34) can 
be cast in the functional form of a single vector variable, 
as follows; 


min MSB = (f V. 
f - • - 1 




) 


2 


(2.35) 
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where 



The solution of eqn, 
set of- equations. 







(2.36) 


(2.33) loads to the solution of the 


< V,, V’ > f = <V,, 3,, > (2.37) 

i.\ K iN. K 

where the < > brackets are employod to denoted the 
expected value. 

The solution for the for'^ai'c’ filter impulse response 
is found to be of the form 


Y(--t) = Z W.h(iT-t) (2.38) 

i 

which 3 S the representation for a matched filter in 
tandem wi th a transversal filter with symbol- in ter val tap 
spacing. The transversal-filter impulse response is 
written in terms of the tap cjains as 


W(t) 


The receiver is 
as socia ted wi th 
a sso cia tod with 


T W.5(-t-iT) 


(2.39) 


then specified by tlie tap gain set^'i/j_^ To 


the forward filter and the tap gain set^b-; ji=l1 


I If 


the backvjard transversal filter. The 


solution for these tap gains were d-tormined by I'.ionsen in 
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terms of their ' Z' transform. Tho technique of spectrum 
factorization l25] was employed to determine the solution 
for V/(z) and B(z). The solutions are 

W(z) = [U“(z) U"^ (o)]“^ (2.40) 

B(z) = T[U+(z)/U+(o)-^r' (2.41) 

The positive superscript indicates a spectrum factor with an 
its poles and zeros outride the unit circle, whereas the 
■ negative superscript factor has them all inside. Since 
liV(z) has no singularities out side the unit circle, it 
follows that the forward tap-gain function is anticausal 
i.e. 

= o i > o 

The forward transversal filter thus operates only 
on future values of the matched filter output. 

Thus, in the absence of decision errors, the inter~ 
symbol interference dual to past digits is cancelled 
exactly by the backward filter if the source digits are 
uncorrelated. Under this condition the forward filter then 
minimizes the mean-square error duo to noise and the ISI 
due to the future digits. It is interesting to compare 
the optimum filter and J.'lKiSE for tlie feedback and non feed- 
back cases. The non-feedback or unitary equalizer (UE) is 
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a special case of tho feedback equalizer (FE), namely, 
vdien B(f) is set identically to zero. Thus the optimum 
FE is Superior in a i\ii.„SE sense, to the optimum U£. 

2.3.4 A Gradient Technique Eoalization: 

For the fixed knovjn channel, a s teepest-descent or 
gradient technique was found for tho Ibl minirnj-za tion 
equalizer. For the Mv^SE receiver, a gradient technique 
would no-cd to synthes-ize thr-ee separate filters, nanioly, 
the matched filter, forward filto-.' o nd the loackward filter. 

In any real system the channel will be band limited 
effectively, so the channel and the matched filter can be 
specified in sampled-dn ta form. 

The received signal r(t) in sampi-ed data form is 

oo 

r(t+.KT) = S r[ ^ + KT] sine (3t~i) (2.53) 

Tho optimum solutions are identical to the one obtained for 
the moan square error in Goction 2.3.3. Tho difference 
is that the forward filter can now be synthesized by one 
transversal filter v-;ith tap spacings equal to the Nyquist 
interval (l/-0* 


A gradient algor itlim for a i.-ioE receiver takes 
the form 


f 

—n+l 


•n 


a [V V' f 

^ - Ti 


-n 



(2.54) 



34 


V'JhexQ f is tho receiver vector (2.36) at the nth 

'"in ^ 

iteration. 3qn. (2.64) can be c: ct into the form : 


r T = I 

••n+1 '-n 


®n 


(2.55) 


where e^^ is Lhe error at the nth iteration. The gradient 
technique and tho adaptive receiver implementation using 
this teclnniques are discussed in the next chapter, 

2.4 ERROR PROPACATIOH EFFECT: 

Tho DF£ uses receiver decision in an attempt to 
cancel 131 due to the past pulses, A fundamental assump- 
tion has been made that the reconstructed data sequence 
is identical with the transmitted da-ta. In reality it is 
not true. Decision errors will occur and they win cause 
two effects. The first is that of an adaptation error. 

Since the reconstructed data sequence is employed as a 
test signal to determine the learning algorithm parameter. 
Decision error will further perturb the ideal equalizer 
tap gain setting, Tlie second effect is more severe. 

The DFE decisions are linearly filtered in order 
to develop the appropriate voltage for the ISI cancellation. 
When the decision is wrong, tho probability of decisic« 
error in the immediate future is enhanced as the decision 
error propagate through the backvi/ard filter. This effect 
is thus termed Error Propagation. The resulting error 
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propagation will be larger than the error propagation under 
the No decision error premise. 

Monsen [2o] analysed the magnification of the error 
probability due to the Error propagation effect for a 
single echo channel and a truncated geometric response 
and observed that degradation due to error propagation 
effect is very small. 

Since the error propagation effect is negligible, 
the DFE is superior to the linear equalizer. Moreover, 
because the backward filter eliminates interference due to 
all the past digits, the number of transversal filter taps 
in the forward filter can be reduced. This leads to an 
implementation advantage and improved adaptation as the 
self noise due to adaptation increases with the number 
of taps. 



CHAPTER 3 


D.F.E. FOR FIBRE OPTIC LINK 


3.1 INTRODUCTION: 

An important area of application for optical fibres 
is the transmission of high speed digital data signals. Even 
though the dispersion effects caused by a fibre are greatly 
reduced with respect to other kind of channels, the main 
limiting factor in increasing the data rate is imperfect 
channel characteristics. 

The approach to match the exact characteristics of 
the system to reduce the effect of noise and ISl is not 
practical since it is difficult to design transmitting and 
receiving filters having the exactoptimal characteristics, 

’we have seen that the DFE is a simpler alternative which 
provides a considerable reduction of the effects of noise 
and ISI, In the next section adaptive DFE based on the 
gradient technique has boon doscribed, 

3.2 ADAPTIVE DFE: 

For a fixed known channel, an equalizer realized 
by gradient technique minimises tho mean-square error. 

This technique is used to synthesize three separate filters, 
i.e, the matched filter, tho forward filter and the backward 
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filter. Furthormor G, the matched filter impulse response 
is a continuous time function. In any real system the 
channel win be effectively band limited to some region 
j f j ^ 3 / 2 . So the channel and the matched filter can be 
Specified in sampled-dat, lorm. The continuous vector 

t / \1 ^ 

X = \ y{t)Y can then bo replaced by the infinite - 

L I t=-oo 

dimension dis ere te- index vector. 


Yi = Y(i/B) 1 “ 


(3,1) 


and completely describes y( t) by the interpolation 
formula 

00 

Y(t) = E Yn- sinc(Bt--i) (3,2) 

i=-oo 

If the channel is band limited to B/2, it is reaso- 
nable to position a filter prior to the receiver which 
will also band limit the additive noise to the range 
jf! ^ B/2, Then the received signal r(t) also has a 
sampled data representation of the form 


r(ti-KT) « I KLT] siiic(B1>-i) 

P 




|^r(tfKT)t 


ji=s— 00 


So the vector 

= [='[ 

The optimization problem is identical and if infinite-length 


00 

is=-oo 


can be replaced by 
(3.3) 
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transversal filters arc used to realize the forward and 
backward filters, the optimum solutions correspond to 
the transfer function solutions determined in Chapter 2. 
The ddfiorence is that the forward filter can now be 
synthesized by one transversal filter with tap spacing 
ecjual to the Nyquist interval l/B. 

The optimum solution determined from eqn. (2.37) 
depends on the correlation matrix 




"K ^ 

"ZLr-rs 


as. 

q ""^1 


(3.4) 


being non-singular. The quadratic form associated with 
eqn. (3.4) is 


QF = u* nt rl u - 2u’ r,,s’ w' + w‘ s,, s’ 


w 


(y.’ 


r —V'/* 
-iC - • 




> 0 


(3.5) 


Tims is at least non-negativo definite. 

To prove positive definiteness, consider the 
random process 

CO CO 

P = S u.x[KT+i/B] - L 

Irs-^OO l=«-oo 


( 3.6) 
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or equivalently 

Ak = M'nc- 

This random process is stationary since both of its 
component processes are stationary. If the power spectrum 
is non-zero in any freeju'-u^^y region for arbitrary 1 1 u| 1 ^ + 
il^ll > 0> QF strictly positive and eqn. (3.4) is positive 
definite. The process r(t) has an additive noise component 
with non-zero spectrum over the entire band of interest. 

Also the source correlation in the real problem is finite in 
extent and the source spectrum has energy at ail frequencies. 
Thus the qF must bo positive unless the process ^ and ^ 
are linearly related. But ^ has a noise component which is 
independent of the source digits, so a linear relation of 
that form cannot exist. Thus is positive definite. 

The positive definiteness of not only guamtoes 

that the inverse matrix solution to eqn. (2,37) exists, but 
also insures that a gradient algorithm will converge if the 
stop size a is chosen Sinall enough, A gradient algorithm 
for a MMSE receiver takes the form 

= jL - a [^f„ - JTX 1 (3.7) 

-n+l “-n ' ‘n — n -ia 

where f„ is the received vector at the nth iteration and 
-n 

the term in brackets is equal to one half the gradient with 
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respect to f of the MSE expression (2.34). From the 

"nn 

expression for the error process, (3.7) can be cast into 


4+1 = 4 -“^ 


n 


(3.8) 


In terms of the forward and backward filter components, 
eqn. (3.8) becomes 


^ n '3.9) 

6n+l = fen + “ ®n '3.10) 

The vector r represents the input to the forward filter and 
S represents the input to the backward filter. The compo- 
nents of r and S arc the tap values of the respective 
forward and backward transversal filters. Thus the simple 
algorithms (3,9) and (3,10) are implemented by simply 
correlating the tap values with the error process and 
incrementing the corresponding tap gains. From' the analysis 
in Chapter 2 the algorithms will converge if a is choson 
so that 

J(Y y* ) < (3.11) 

where f{*) represents the largest ma^itude eigenvalue of 
its argument matrix. In equation (3,8) tap gains are 
updated after reception of few say L digits. 
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The algorithm (3,8) has been analysed by Monsen [19] 
who determined convergence conditions, the performance 
neighborhood and convergence rate. The performance 
neighbourhood is measured by a quantity M called mis- 
adjustment which is the ratio of the steady state excess 
mean-square error to the IMSE, i.e. 


i < (fi, \ > 

where the MMSE is p = i - <VS>' <W’ >“^ <VS>. For good 
data performance it is generally necessary to have a small 
misadjustment , i,e, M <<1, 

Monsen showed that the best choice of averaging 
interval is L- = 1, i,e,, no averaging at an. Thus the 
algorithm reduces to 


^n+l ^ 


a ®n (3.11) 

which inteims of forward and backward taps become 


^+1 = ^ “ Sn 


(3.12) 


— n+l 


A 

b + a S e 
-n % n 


(3.13) 


The forward filter is transversal filter with tap spacing 
equal to 1 /b where b/ 2 is the channel bandwidth. The 
forward filter output at ciiae nT is given by 
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.00. 

\ = / Yn(t)r(nT>t)dt = ^ z Y^E | 1 ^ [nT+ |] 


l=~oo 


which can be written as 


(3.14) 


n 




(3.15) 


The forward-filter output has the output of the 
backward filter subtracted from it. The backward filter 
is also a transversal filter with tap spacing T and tap 
gains b^. Its input is the reconstructed data sec^ence 
which is assumed to approximate the transmitted 
sequence 

Ihe backward- filter output can be written as 


Zn 


y A 
i ’^i ^n-i 


b* "s' 
— ^ 


( 3,16) 


Thus the filter tap gains are updated by simply 
incrementing the present value as a fraction of the product 
of the tap voltage and error sample at that instant. The 
error voltage at time nT is given by 


n 




(3.17) 


The receiver configuration just described is shown 
in Fig, 3.1, In addition to reducing noise and intersymbol 



* oo * 

\ Yn(t)r(nT+t)dt ^ ^ E Y^E | 1 ^ [>^T+ ^ 


1=^00 


(3.14) 


which can be written as 


n 


ft £ 


-n 


(3.15) 


The forward-filter output has the output of the 
backward filter subtracted from it. The backward filter 
is also a transversal filter with tap spacing T and tap 
gains b^. Its input is the reconstructed data sequence 
which is assumed to approximate the transmitted 


sequence i^} 


The backward-filter output can be written as 


ft 


S K 'C 

i ‘^i ft-i 


/\ 


(3,16) 


Thus the filter tap gains are updated by simply 
incrementing the present value as a fraction of the product 
of the tap voltage and error sample at that instant. The 
error voltage at time nT is given by 


e 


n 




(3.17) 


The receiver Configuration just described is shown 
in Fig, 3.1. In addition to reducing noise and intersymbol 
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interference, the receiver has some additional advantages. 
Since the forward-filter tap spacing is equal to the 
Nyquist interval, the aJnorithm can adapt to changes in 
transmission delay. Thus, timing jitter introduced by 
changes in transmission delay can be eliminated because 
the delay variations are less than the adaptation rate 
required. 

3.3 DATA RATE: 

The fibre transmission medium has a finite disper- 
sion for the propagating optical pulse as discussed in 
Chapter 1, and a finite loss rate for tho optical trans- 
mitted power. These both limit the data rate that can be 
transmitted as the photo-detector requires a certain mini- 
mum signal power for a given error probability and data 
rate. Semiconductor laser or LED sources have limited 
output power of tho order of 2 ccw for laser and 100 |j,w 
for LED that can be coupled into the fibre. These facts 
taken together restrict;! the fibre length one wishes to 
interface between tho source and detector. 

The Fig. 3.2 |2l] shows the receiver sensitivity for 
PIN and APD detector digital receivers for various bit 
rates. The figure was calculated for an error rate of the 

g 

order of 10“ . The total power available to the system for 




PIN detector under the condition of Fig. 3,2 may be 
described as F(T )5 and is given approxins tely as 

F(T) =*110 + 4.35 1^ (T"^) (3.18) 

where 'T' is the bit interval. 

This power is shared in various ways in the opera- 
ting system and an operating margin must be maintained for 
the electronics so that small fluctuations do not effect 
the performance of the system. Typically a margin of 5 dB 
is used. The fibre itself is characterized by a loss 
in dB/km, and in addition, there will be power loss due to 
joints, mode coupling, etc. 

Dug to the dispersion effect the power transmitted 
in a given bit interval will partly arrive in the corres- 
ponding bit interval at the receiver, and the rest of the 
power will spill over into the nearest neighbour interval 
or even to more intervals depending upon the impulse response 
of the fibre. This overlap between the adjacent pulses, 
causes what has been referred to as the ISI. Thus the 
overall system can not be designed unless ISI is taken 
into account. The ISI at a finite data rate in the system 
could be reduced by equalization in the receiver after the 
detector, but only at a penalty it pays. The penalty is 
described by F^g^ and measured in decibels. Therefore, 
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for a given bit rate, the design equation becomes 
F(T) = 110-4.35 = a(L) + M + 

(3.19) 

where is launched power ( dBm ). Vie will use eqn. (3.19) 
in the next section for link calculation. 

3.4 FIBRE OPTIC DIGITAL LINK CALCULATIONS: 

The Performance of the digital fibre optic link 
depends upon many factors, viz,, source, length of fibre, 
attenuation constant of fibre, photodotec tor and coupling 
loss. As already explained, fibres are dispersive in 
nature, thus pulse propagated through the fibre will get 
spread in time and cause ISI. This will limit the data 
rate that can be transmitted over a given fibre optic link. 

As discussed in Chapter 1, we have used a PIN detector 
for the System under study. The link calculation for the 
fibro optic communication uystom under study for different 
lengths and sources are given in Table 3.1. Specifications 
of the components used for link calculation are as follows: 

a) Source: 

i) Laser Diode 

Output power : mw ( 0 dBm) 
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Tabic o,l 2 Linlc Caicula I: .-ju for the F.O.C, Digital 
Sys tem 

A. oourcG-L^sor Diode 

i) Fibre length ; 2.155 km 

ii) Fibre length ; 4.310 km 

rjourcG Power ; 1 nW (O djlrn) 

Connector Insertion loss : 2 dB 
To bil Power available to system; 

F(T) = -110 + d.Obin (T"^) 


Data liato in k bits/ sec 

100 

150 

200 

250 

300 

Total power 

29.87 

28.10 

26.85 

25.88 

25.09 

Connector Insertion loss 

2.0 

2.0 

2.0 

2.0 

2.0 

0 p 0 ra t in cj ma r g in 

5.0 

5.0 

5.0 

5.0 

5.0 

Pov/or available to 
tran smis s ion me dia 

22.87 

21-10 

19.85 

18.88 

18.09 

Filjro loss for 2.155 km 
(4.5 dB/km) 

9.69 

9.69 

9.69 

9.69 

9.69 

Povior available for 

I SI penalty ( dB) 

Fibre loss for 4,310 km 
(4.5 dB/km) 

13.18 

11.41 

10.16 

9.19 

8.40 

19.39 

19.39 

19-39 

19.39 

19.39 

Power available for ISI 
penalty (dB) 

3.48 


1.71 

0.46 


_ 


B, Source-LED 

i) Fibr^ .length i 2.155 km 

Source Power : 50 -13,01 dBm) 
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Total power available to 
Date Rates in U bit§/cj,. 
Total pov;cr 

Coupled power to system 
Connector insertion los 
Operating margin 

Power available to 
transmission media 

Fibre loss for 2.155 km 

Power available for ISI 
penalty (dO) 


110+4. 


75 

100 

125 

31.12 

29.87 

28.89 

13.01 

13.01 

13.01 

2 d 

2 e 

2-'-> 

5 ' 

5 -o 

5-0 

11.11 

9.86 

8.88 

9.69 

9.69 

9.69 

1.42 

0.17 



system t F(T)= - 
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ii) LED - IRE - 161 (LASER-DIODE) 
Output Power : 50 pw at rIA = .2 

Current : lOO mA 

Core : 50 

b) Fibre - (iVG -05); 


Length 
Attenua tion 
NA 


2,155 km 
4.5 dB/km 
0.23 


Core 


63 pm 


IVfeterial dispersion 


90 p.sec/km-nm 


c) Connector OFP-lOl 


Insertion loss = 1 dB 

d) Detector 

PIN Diode - OFDP-04 (ITT, U<) 

Dark current : 0.2 nA 

Sensitivity ; As shown in Fig. 3,2 for 

BER 10“ ® 

Responsivity : 0.5 A/w 


It is assumed that the connector insertion loss is 
same for the laser diode and the LED, Also connector loss 
for the two sections of fibre is assumed to be negligible. 
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From the link calculations we observe that with the 

laser diode the system can work up to a data rate of 

200 W-bit, for a fibre length of 4.310 km whereas with the 

ra te 

LED the system can work only upto a data/_of 100 M-bits 
for a fibre length of 2.155 km. As for data rates higher 
than this there is no power availcable for meeting the ISI 
penalty. Therefore, to achieve tho given BER of 10~® at 
liigher data rates, either one should use the laser diode or 
decrease tho length of tho fibre. Link calculations with a 
laser source for a fibre length of 2.155 km varifies the 
latter suggestion. 

3.5 IMPULSE RESPONSE: 

Impulse responses of the various parts of the fibre 
optical system and tho overall link have been given in the 
following sections, 

3,5,1 General: 

Impulse response of an optical fibre is generally 
found by measurements of the delay distortion. In the 
system under discussion a graded index fibre is used, 
and the measured impulse response of the fibre provided by 
the manufacturer is shown in Fig. 3,3, It is assumed that 
the impulse response is normalized and the time is given 
in nano-secs. The suppliers have not given the exact value 
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of the magnitude (scaling factor). The value of the 
scaling factor is found as follows; 
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tio know - 

/ (Kh)^t dt = 1 small time interval 

o 

or, 

Z h^i4\ = 1 (3,20) 

For calculating is taken asO.l ns. and the value 

q 

from calculation turn o'-'- to be 1.5b x 10 . As we have 
taken only a finite number of samples of the impulse response 

q 

the exact value of K is 1.5x10 , 

3.5.2 Impulse Response of the Electrical System: 

The optical signals are converted to electrical 
signals by the PIN diode detector and then these are ampli- 
fiod by the pre-amplifier, as tho data rates of interest 
are high, a high speed FET (CA 312.7E) is used for the pre- 
amplifier circuit. Tl’^o characteristic of CA3127 and the 
PIN diode are as under - 

CA3127E 

Input resistance = 400 -Jl. 

Input capacitance = 3,7 pF 

PIN Diode 


Ca pacitanco 


1 pF 
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The equivalent electrical circuit of the PIN diode and the 
pre-amplifier is given in Fig. 3.4. 



i q - i . 4- 


Current due to the shot noise and dark current are 
not considered being negligible. The bias resistance of the 
photodetector is high and shunted by the 400 Sl. input 
resistance of the pre-amplifier. The resultant values of R 
and C of the model are 

R = 400 -a. 

C = 4.7 pf 
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fhe impulse response of the detector and the pre- 
amplifier is then 


H(s) 


V^Cs) 

vji7 



1 

c 

S)- i/R(. 


(3.21) 


;.h(t) = 1/C * (3.22) 

Impulse response of the equivalent circuit is plotted as 
shown in Fig, 3.5. 


3.5,3 Impulse Response of the System; 

To evaluate the performance of the DFE, the total 
Impulse response of the system is considered. The fibre 
optical communication liiucs under consideration are as 
follows : 


a) Source-Laser Diode, Do tec tor -PIN Diode Link length = 2.155 km 

b) Sourco-LED, Dctoctor-PIN Diodo,link length = 2.155 km 

c) Source-Laser Diode, Dotector-PIN Diode Link length = 4.310 km 


^ ) Laser-PIN Combinati on, Lengt h =, _3.,1 55_to; 

The material dispersion of the graded index fibres 
is 90 p, secs/km. -nm. It is assunvd that the spectral 
width of the laser is 2 nm. Thus the total material dis- 
persion duo to the laser is very small, i.o.,o»45 nsecs. 
Therefore, the effect of material dispersion due to the 
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source in this case is neglected while calculating the 
total impulse response of the system, \iie know the impulse 
response of the fibre and the electrical circuit (detector + 
pre-amplifier). The total impulse response is found by 
convolving the two impulse responses. The total normalized 
impulse response is shown in Fig, 3.6. 

^ ) LED-PIN C o mbinatio n L eng th = 2 .JL 55_ _!c m : 

Optical fibre properties depend upon the wavelength^ 
of a light source, i.e., g(t) = g(t,X)» where g(t) is 
the impulse response of the fibre. The spectral width of 
the led is 40 nm. Therefore, the material dispersion will 
hu much more compared to the laser source. The LED, IRE-161 
of Laser Diode Lab. is used in the fibre optic communication 
link under discussion. The output spectrum of the light 
source is as shown in Fig, 3.7. 

The resultant pulse response of the fibre link 

is [22] 

g-Ct) = / p(X)g(t, A)dA (3.23) 

Whore p(A) is high source spectrum. 

The resultant impulse response is shown in Fig. 3.8. If 
p(X} is not available for a LED, wo can use equation (3,24) 
whore a Gaussian intensity spectrum for the LED has been 

aGsumod, 




^ESOLTANT If^lPULSB. ^ £SPon S(^ 
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'A 



WAVE AEK/c^T/-/ nm 


F/c, 3'7 


OUTPUT iPECTRPi 




resultant iyiPuL%E Response. 



G^(f) = expj^- I . {2KfMLa)^ 

or y 

exp 1^- i (t/MLa)^J (3.24) 

Vi/here M -- material dispersion in ps/km-nm 

L = length of fibre in km 
a z= spectral width of LED in nm 

The overall response win then be obtained by convolving 
9jfj{ t) with g(t). The output spectra of the light source 
IRE - 161 is not Gaussian. The value of 0 is found by 
curve fitting. It is 14 n.secs on the right hand side of 
the peak value and 17 n.sec. on the left hand side. In 
our case the resultant impulse response of the link is 
obtained numerically by using the actual p(A) as provided 
by the manufacturer. 

The plots of Fig. 3.9 and 3,10 have beeh obtained 
using the Gaussian assumption and using values <iff 0 of 14 and 
17, rospoctivGly, The resultant impulse response shown in 
Fig, 3.8 corresponds to a worst case situation. 

La ser-PIN Combination. Length = 4.310 km ; 

The total impulse response of the system is found by 
convolving the impulse response of the fibre of 2.155 km 
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lenqth with itoolf and then with the electrical circuit 
iinpuls e r(;f. ponoo. Tote.] i ^ ''LCq response is shov/n in 
Fiq» 3.11 which is used co find the P^^obability of error 
of the oystom of fibre lenqth 4,310 km, 

3.6 CliAHNEL BAI'^D-VaOTH OF THE SYSTEMS 

AS discussed In Chapter 1, the system can be divided 
Into two parts, i.e. optical and electrical, 

Thu sy.stun vjnder discussion have electrical as well 
as optical portions. The 3 dB channel bandwidth of the 
combined sys Lem is calculated. 

It is obf.orved from Section 3.2 if the channel 
is band limited to F]/2, it is reasonable to position a filter 
prior to the equalizer which v;ili also band limit the 
additive nois*; to Ui'-’ range [fj ^ B/2. Therefore one should 
know the channel b.indwid’.: of tho system upto the inpert to 
the equalizer. 

Vtic have- the pr c«ampl if ior before tho equalizer, so the 
additive noise is also limited to tho bandwidth of the pre- 
amplifier, Therefore, an additional filter to band limit 
the additive noiso is not required. 

The impulse response of the fibre or the overall 
system in our case is known. For the impulse response 
hCt), 0 1 t f transfer function is 




C j.y\ n..coh o . 

'Resultant iMPutsB i?£spons6 
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T' Y 

H(f) = f h(t) cos27i:ftdt+- j / h( t)s in2Ttf tdt 
0 o 

= A(f) + je(f) 

lH(f)l2 = A(f)^ + B(f)2 

wheie A(f) = f h( t) cos 27if tdt and 
0 

Y' 

B(f) = / h( t)sin27i;ftdt 

o 

The integral functions axe computed numerically. The 
3 dB channel bandwidth is obtained from the plot of 
iH(f)l2» 

The magnitude of the transfer functions of the 
electrical circuit, the fibre optics, and the total system 
(a) are plotted in Fig. 3,12 and Fig, 3.13. The values of 
the 3 dB bandwidths are obtained as under: 

i) Electrical Circuit = 85 MHz 

Fibre optic = 45 MHz 

Total bandwidth of system (a) =38 MHz 
Total bandwidth of system (b) =24 MHz 

3.7 DESIGN OF DFE: 

In the following the choice of the step size (a) and 
the tap gain coefficients of the DFE have been dealt with 

'I 

in brief. 
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3,7.1 Effect of Step Size (a): 

The critical consideration in the choice of the 
algori’thm parameters is to maintain a misadjus tment small 
relative to unity. 

The algorithm parameters which can be varied are 
the step size a and the averaging interval. We have 
already assumed the averaging interval to be unity, a 
should make the receiver tap gains move to the optimum 
neighbourhood from an initial setting corresponding to the 
absence of an equalizer. Thus the problem is to maximise 
the convergence rate, 

V\?hile carrying out simulation on the digital computer, 
it is observed that if we make a larger then the probability 
of error is more, though convergence is faster, on the other 
hand if the step size is kept too small then the convergence 
rate is very slow, Tho algorithm win converge if a is 
chosen so that 

f(Yr) < I 

D.A. George [23] has used a value of a as low as 0,016. 

In this thesis we assumed that the reconstructed data 
sequence has no error. Therefore, a should bo so chosen 
that the probability of error is low, V/hen the equalizers 
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tap gains can adaptively move to the optimum neighbourhood 
from the initial setting, the equalizer is said to have 
achieved lock. 

In the simulation the tap gains of the forward and 
the backward filters are initially set to zero except for 
the tap corresponding to (main tap in the forward 
transversal filter), which is set to unity. It is noticed 
during the simulation that if after a number of iterations 
the weight of is around unity, then the best tap gain 
settings are achieved. But in case the value of F^ tap 
converges to zero then lock is not achieved. The error rate 
becomes very high after a few iterations. The forward 
filter tap weights sot to zero and backward filter tap 
weights sot to such a value that thoir sum tends to bo 1 
or -1, In this case the reconstructed data is independent 
but the error, = '^ ” i® identically zero for all 
times. Therefore, the selection of a is very important and 
should be chosen so as to achieve the lock condition. Also 
tho tap weights of F^ should not converge to zero. The 
value of Fq should bo around unity to got the best results, 

3.7.2 Tap Gain Sotting: 

Length of transversal filter ; Tho parameters of in ter os 
in tho DFE aro the number of taps in tho forward filter, i.o. 
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~N to N, the foxwo.rd filter tap spacing and the number of 
taps in the backward filter, say M, The optimum DFE 
requires N = oo = M and T= ^ , where l/B is the Nyquist 
interval. In practice the transversal filter will be of 
finite length. 

Monsen [24] in his studies kept tap spacing for the 
forward filter as 66 ns (corresponding to 15 MHz), data 
rate between 1.5 to 12.6 M bits/ see. and throe taps in 
the forward filters. In the system under study the channel 
bandwidth is about 38 MHz, and data rates much higher than 
the channel bandwidths are used in simulation. From the 
simulation studios, the following observations can be made 
about the number of taps and their spacing. 

i) When the forward filter taps are spaced at the symbol 
interval, the probability of error is loss than or 
similar to the value obtained vHion the taps are spaced 
at the Nyquist interval. 

ii) If we keep the number of the forward taps equal to the 
number of future interfering samples plus one then the 
probability of error is smaller, 

iii) Any additional tap added in the forward filter after 
the main tap F^ does not reduce the probability of 
. The results are tabulated in Table 3,2. 


error 
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CHAPTER 4 


SIMULATION OF DFE AND RESULTS 


4.1 GENERAL: 

To evaluate the performance of DFE, the actual system 
is simulated on the DEC- 1090 system. The overall impulse 
responses of the link are considered for the simulation of 
the system. The simulation consists of finding the tap 
gain weights for the forward and backward transversal filters 
and then using these tap gain v/eights to find the probability 
of error at different data rates for various SNR values. The 
probability of error is determined for 2*155 km and 4,310 km 
link lengths for SNR values from 6 dB to 14 dB, Performance 
of the DFE for these link lengths is evaluated considering 
the different optical sources, i.e,, laser — diode and LED. 
Maximum data rates possible for a certain probability of error 
without an equalizer have also been found. 

For simulation random numbers with uniform distri- 
bution (data) and Gaussian distribution with zero moan 
(noise) arc generated by NAG sub-routine. The uniformly 
distributed random numbers are convolved with the total 
impulse response of the system, and the Siussian noise after 
convolving with the pro-amplifier and detector impulse 
response is added to it. Now the signal is fed to the DFE, 



74 


Signal flow diagram for the simulation is shown in Fig. 4,1. 
Error signal is used to update the tap weights during the 
adaptation process. Once the tap weights of the DFE are 
fixed, error signal e^^ is not used* 

4.2 SIMULATION RESULTS: 

4,2.1 Source-Laser, Fiber Length = 2.155 km: 

The simulation is carried out in two parts. First 
WG find the optimum tap weights for the forward and backward 
filters for tho different data rates at various S'4R values 
by the adaptive method. As discussed in Chapter 3, the 
forward filter having number of taps equal to the future 
interference samples plus one and spaced at tho symbol 
interv^tl is considered in evaluating the optimum tap weights 
and the probability of error. For various values of SNR 
tho noiSG variance and tho standard deviation is given 
in Table 4,1. 

Tho optimum tap weights arc determined by carrying 
out a number of simulations with different values of step 
size and then freezing tho values of the tap weights at 
different iteration numbers. The tap weights which corres- 
pond to the minimum number of errors in the above simulation 
is used to find the probability of error of the system. The 
results from one such simulation are given in Table 4,2, 




4‘l Sl<$NfiL FLO(o 
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Table 4,1; Nolce Variance and Standard Deviation 
at Different SMR Values 


SNR 


No ice variance 


Standard Deviation 


6 

0.2512 

0,5012 

8 

0.1585 

0.3981 

10 

0.1 

0.316227 

12 

0.0 631 

0 . 251188 

14 

0.0398 

0.199526 

16 

0.02512 

0.15849 

24 

0.00398 

0.0 631 

32 

0 .000 63 

0.02512 
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Table 4.2 

Sl'>]R =10 No. of sanple processed = 5000 
Data Rate 150 M bit/sec. 


Step size Error Freezed Tap weight 

value at Forward Backward 

UJ OJ czl Ui 


0.10 

7 

495 

0.9803 

0.08568 

-0.0 6226 0.07677 

0.1 

8 

990 

0.9741 

0.00 4077 43.06914 0.1162 

0.1 

9 

1500 

0.8070 

-0.01352 

0.10 62 0.1972 

0.05 

4 

495 

0.9510 

-0.04138 

-0,01124 0.1553 

0.05 

5 

65 

0.90 28 

-0.003379 0.02807 0.18607 

0.05 

6 

95 

0.9244 

0.05050 

0.007390 0.1951 

0.65 

6 

145 

0,8819 

0.03280 

0.06871 0.1385 

0.05 

10 

195 

0.9123 

-0.06046 

0.06989 0.1145 

0.05 

8 

295 

0 .8847 

0.04733 

0.03952 0.1671 

0.1 

9 

195 

0.9410 

-0.0 6926 

0.04480 0.1248 
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The optimum tap weights for the forward and the 
backward filter for the different data rates at various 
SNR values are given in Table 4.3. 

Now the DFE is synthesized with the tap weights as 
calculated above. The average probability of error at data 
rates from 150 Mbps to 375 Mbps and for SNR values from 6 dB 
to 14 dB is determined. These are shown in Table 4,4 and 
plotted in Fig, 4,2, It is evident from the curve that 
for 2,155 km fibre a probability of error less than 10 can 
be achieved at higher SNR values. Table 4.4 also shows the 
total number of symbols processed. As discussed in Chapter 2 
the error propagation effect is less as the SNR increases. 

In Fig. 4,3 we have reproduced the error occurance during 
the simulation for 3^R values of 6,8,10 and 12 dB. These 
are a sequence of ' and ’ indicates a correct 

decision and ’ indicates an error, We notice that error 
bursts are more at higher data rates and lower values of 
^R, If a group of errors is followed by correct decisions 
and the number of errors is equal to the number of backward 
filter taps then a particular error burst can be considered 
to be over. Any subsequent errors are duo to noise and ISI 
arising from the future samples, 

4.2,2 Source-LED, Fibre Length = 2.155 km: 

In this case the source used is LED. Therefore the 
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Table 4.4; System Performance (Source-Laser, link 
length = 2.155 km) 


Datai 

Rate 

M bit 

SNR 

(dB) 

No. of symbol 
processed 

Error 
due to 
ISI only 

Error 
wi tho ut 
equalizer 

Error 

P(e) 

150 

6 

50,000 

0 

1542 

1202 

2.40x10"^ 


8 

50,000 

0 

551 

313 

6.26x10”^ 


10 


0 

269 

86 

8. 6x10”'^ 


12 

2x10^ 

0 

72 

3 

1.5x10"^ 


14 

8x10^ 

0 

168 

0 

Better thai 
1.25x10”^ 

225 

6 

50,000 

0 

2812 

1271 

2.54x10“^ 


8 

50,000 

0 

1645 

390 

7.8x10"^ 


10 

10^ 

0 

1532 

10 6 

1,0 6x10”^ 


12 

lo" 

0 

564 

3 

3x10“^ 


14 

10^ 

0 

1542 

1 

1x10"^ 

300 

6 

50,000 

n 

4836 

1954 

3.9x10'“^ 


8 

50,000 

0 

3627 

519 

1.038x10“^ 


10 

5 

10 

0 

5304 

13D 

1.3x10'^ 


12 

10^ 

0 

3780 

13 

1.3x10“^ 


14 

10^ 

0 

17511 

11 

l.lxlO""^ 
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materinl dispersion due to the source is much more end it 
spreads the impulse response further in time domain. The 
rosultent impulse response of the system is shown in Fig, 

3»8, In this case also I i.rut we determine the optimum 
tap weights for SNR values of 10»12 snd 14 dB, The optimum 
tap weights are given in Table 4,5, Now the probability of 
error is found by using the tap gain values as determined 
above, probability of error for SNR values 10,12 and 14 dB 
are plotted in Fig, 4,4, it is clear from the figure that 
the probability of error loss than 10“""^ can bo achieved at 
higher 3^Rs and lower data rates. Table 4,6 shows the total 
number of symbols processed, the number of symbols received 
in error and the probability of error. 

In Fig, 4,5 we have reproduced the system output 
photograph with errors. These are again a sequence of 
and ***, Wg observe that the error propagation effect due 
to backward filter is very less. 

For the system under discussion we have also carried 
out simulation at reduced data rates for values of 10,12 
and 14 dB, when the equalizer has not been -used. In this 
case, the output of the pre-amplifier is fed directly into 
the decision circuit. It is seen that at very low data rates 
wo can dispense with the equalizer as the symbol interval is 
very large and there is much less ISI.t Table 4,7 shows the 



Hible 4 . 5 : ISkp umights for Source-LEDf Xiwk lei^th » 2*155 kra 


vO 

00 <N ^0 
!>■ Q 
00 ON ol 
00 Q 

o o o 

• * • 

? ® 9 


^ 5 3 

?9 
H rt 

Q O O 


^ 3? Q CM 

♦H w r-< O ^ 

Mr 00 CO lO c^ 

q o o O o o 

o o o o o o 




\m 


IIS] 


^ tj- Cl 

00 iH 

d CM 
CM CM ^ 

q q q. 
o o o 


O O' 

5 Q o 

W t^ 

O' O' i> 

9 9 9' 
o o o 


•5 fO S 

00 O' vO 
00 00 O' 
H O 

• k • ’ 

000 


& 

lO iH 

CO ON CO 

rH tH I— { 

h h m 

000 


ON <M CO 
CO 0% ON 
f-4 N0 ON 

01 f -4 H 

Hi* 

000 


m »o O' 

9^ Q ® 
in in o 
CM 00 M 

k • • 

000 


■'t 00 

00 CO 00 

8 9 9 

* » • ' 

000 


S O 'O 

03 r-> 

in iH 'O 

00 -M- 00 

k k • 

000 


<0 

a 

& 

rHI 

XJUU 

H 

I 

H 


§ ^ 

'O 'O 

O' 't 

O CM 00 

000 

^ > k 

(^00 

00 

lO 'O 'O 
<0 CM Q 
Q O O 

H 1 O 

k ' k * 


MO 'O in 

R S S 

O' O' o 

* * * 

000 


CM 00 'O 
rM lO 
iD O' 

O' O 

k k * 

000 


CO 0- 

cM in o 

Q O CM CO do 

CO rf- CM 00 in 

8 rf H Q 

00 00 

4 4 • 4 4 

00000 


Q 

0^0 
^ S^, Q 

tH CM 00 


'£> i-i 'O 

00 tO 00 
00 M) ,H 
CM CM CM 

4 4* 


999 999 999 


rH 

O O' o 

CM O 

c^ 5 o 

* k k 

o 


vO iH 

(O' O' rH 

kO o 
O' O C> 

• 4 4 

O -H o 



CM ^ 

•>*1 rM 


O CM -M- 

fHI r*l »H[ 


O CM "M" O CM "M- 



88 







• wi | 

»0 ■* 






-8 

10 


SOURCE ^ L.€D 
LtNK LENGf-ru : 



\ 

\ ^ 


\ 


— f « » H- 

lo 12 14 16 <8 

SNR (dfS) 

^fa PBkfoRMf^f^ca 




F(^ 4.-? 



89 


Table 4.6: System Performance (Souxce-LED, link 
length = 2.155 km) 


Data 

Rate in 

M bits/s 
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Table 4.7: System Performance without DFE (Source-LED, 
link length = 2.155 km) 


Data Rate 
in M Bits/s 

SNR 

(dB) 

No. of Symbol 
pro cessed 

mmf mnm . m imtwm 

Error 

P(e) 

75 

10 

10,000 

32 

3.2x10”^ 


12 

50,000 

9 

1.8xl0~^ 


14 

5,10, 7; 5 

5 

9.8x10“^ 

62.5 

10 

10,000 

9 

9x10“"^ 


12 

,^5 

10 

10 

IxlO”"^ 


14 

4x10^ 

5 

1.25x10"'^ 

50 

10 

20,000 

15 

7,5x10"'^ 


12 

111,762 

5 

4.47xl0"‘^ 


14 

5x10^ 

1 

2x10“^ 
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data rate, numbor of symbols proce^9sed and the probability 
of error without tho equalizer. 

4,2,3 Source-Laser, Fibre Length = 4,310 km: 

In tho system under discussion we assumed two equal 
fibre sections of length 2,155 km. each have been ideally 
connected to one another. For simulation the impulse res- 
ponse of the system as shov\/n in Fig. 3. 11 is considered. 

Again for this system first we determined the optimum tap 
weights of the forward and backward filters by the adaptive 
method for SNR values of 10,12 and 14 dB. The optimum tap 
weights are given in Table 4,8, 

The average probability of error at different data 
rates for 4,310 km fibre length and for various values is 
determined. The probability of error for various ^Rs is 
plotted in Fig, 4.6. It is observed that with the increase 
of the link length the probability of error for tho same data 
rate and SNR is higher. Table 4.9 shows the number of symbols 
processed, tho numbor of errors in simulation and tho proba- 
bility of error. 

For this system also we have carried out simulation at 
much reduced data rates when tho equalizer is'^ot used. Tho 
results are shown in Table 4,10, The main interference is 
due to tho noise. Therefore, tho system works bettor without 
any equalizer at higher values of SNR, 


Table 4,8; Tap weights for Source-Laser, link length = 4,310 km 
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Table 4,9: System Performance (Source-Laser, link 
length = 4,310 km) 


Data IRate SNR No, of Error Error Error P(e) 

in (dB) symbol due to without 

M Bits/s processed ISI equalizer 


only 


150 

10 

5 

10 

0 


12 

2x10^ 

0 


14 

5x10^ 

0 

200 

10 

10^ 

0 


12 

10^ 

0 


14 

2x10^ 

0 

250 

10 

50,000 

4690 


12 

50,000 

4585 


14 

10^ 

93772 


1704 

109 

i.ogxio""^ 

1294 

5 

2.5x10“^ 

9355 

3 

6x10”^ 

6428 

121 

1.21x10''^ 

4934 

6 

6x10"^ 

76110 

3 

l.bxlO"^ 

5640 

152 

3.04x10“^ 

5240 

7 

1.4xl0~^ 

102037 

11 

. 1.1x10“^ 


97 


f 

Table 4,10: System Performance Without DFE 

( Source- Laser, link length = 4.310 km) 


Da ta Ra te 
in M bits/s 

SNR 

(dB) 

No. of Symbol 
Pro cessed 

Err 

P(e) 

100 

10 

10,000 


6,9x10"*^ 


12 

10 ,000 

14 

1.4x10“*^ 


14 

lo" 

9 

DxlO""^ 

87 

10 

2D OOQ 

43 

2.15x10”'^ 


12 

ZOOOO 

9 

4.5x10“^ 


14 

10^ 

8 

SxlO""^ 

75 


2D, 000 

31 

1.55x10“^ 


.2 

10^ 

16 

1,6x10“"^ 


14 

10^ 

2 

2x10”^ 

60 

10 

2D, 000 

■30 

1,5x10“^ 


12 

46,300 

5 

1.08x10"^ 


14 

10^ 

0 

Better than 10 


6 



CHAPTER 5 
CONCLUSION 


Ihis thesis has been directed to evaluate the per— 
ioriiKanco of some fibre optic digital communication systems, 
10 have shown an optical fibre system v;ith its essential 
coir^jonen ts, Tho choice of source and pho ‘to detector depends 
uj>on the length of the fibre, attenuation of the fibre and 
desired probability of error for a given data rate. We 
have soon that to use the came fibre length at higher data 
rates, one has to use a laser diode as the source, as the 
pov/<ir required to combat the ISI penalty is not sufficient 
when we use a LED, Similarly the increase in fibre length 
limits tho data rate which can be transmitted over tho link 
for a desired P(o). 

Wo have considered systems with different sources 
and fibre lengths as follows, 

a) Source-Laser diode, link length = 2.155 km 

b) Sourco-LED, link length = 2.155 km 

c) Source-Laser diode, link length = 4.310 km 

Wc have noticed that tho fibre channel spreads tho 
optical signal in time domain. This dispersion and additive 
noise of tho system cause IHl, The effect of ISI can bo 
reduced with an equalizer. 
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In this thesis we have designed a DFE based on the 
ivbnsen’s Gradient ^-technique. DFE uses both the received 
signal and reconstructed data to form its decision. The 
tap weight values fox the DFE have been determined by 
Nbnson's adoptive linear filtering method. 

To determine the tap weight values and to evaluate 
the porformancG of the system, we carried out simulation 
on the digital conputer DEC-1090 system. Optimum tap 
values are obtained when the number of taps of the forward 
filter is equal to the number of future Isl sample plus 
one and taps are spaced at the symbol interval. 

The initial aim was to find the maximum data rate 

and SNR value for a system which gives a p(o) of lO”"^. To 

got the P(e) of 10”^, one ha s to generate and process on 
Q 

an average 10 noise and data symbols. From simulation 
wo hove noticed that to generate and process 10° symbols 
on the conputor CPU and execution time are approximately 
6,8 and 35 minutes, respectively. Therefore, a maximum 
of 8x10^ symbols could be generated and processed in the 
simulation. 

The fundamental assumption in the design of the 
UFE is that the decisions arc error free, but, in every 
simulation certain amount of error, i.o. 'Error Bursts' 
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have occurod. Any wrong decision affects the decision 
i.n the DFE till it propri* 'os in the feedback filter. 

Error hursts are more at higher data rates and lower SNR 
vaiijoG, 

From the results we have noticed that for a data rate 
of ISO i/i bits/ sec., the system with the LED source gives 
a probability of error of 2.5x10“^ for a SIMR of 14 dB. 

Whi.Toa s, with the laser diode a probability of error of 

-.7 

1,25x10 is obtained for the same SNR value. Also from 
i,hw extension of the performance curve (Fig, 4.2) for 
l^iO M bits/scc, it is observed that a p(e)of 10“^ for the 
fibre length of 2.155 km can bo achieved at an approximate 
Si'JR of 16 dB, Whereas for tho fibre length of 4,3l0 km 
(Fig, 4,6), it can bo achieved at approximately 18 dB, 

Fox systems (b) and (c) performance of the links have 
also boon evaluated without an equalizer. For sourco~LED 
and a link length of 2.155 km, it is observed that to 
achieve the same P(e)at a SNR of 14 dB, tho neximum data 
rate which can bo transmitted without an equalizer is 
approxin® toly (P/ of tho data rate obtained with the 
equalizer (Ref, Tablo 4,6 and 4.7). 

For the sourco- laser and link length of 4.31 km, 
to achiovo tho same P(o} at a S14R of 14 dB, tho maximum 
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dat-'. ra to which can be transmitted without an equalizer 
I' looG than of the data rate obtained with the 
oquniizor {Ref. Table 4.9 and 4.10). From this we 
obnerve that with the equalizer, we can transmit atleast 
double the data rates than without the equalizer to 
achieve the same P(e). 

Capt, R, Wahi [15] designed a DFE based on Austin’s 
sub-optimal method. He .i- c used a data rate of 10 M-bits/sec, 
and a fibre whose irtpulse response at 10?< amplitude has 
a full width of 275 ns. For 14 dB SNR he has obtained a 
P(e) of 3xlO~^. In our study we have used a resultant 
impulse response, whose width at 10/> anplitude is 10,5 ns. 

We have used data rates from 150 to 375 hUhits 

In our case for a SNR of 14 dB, the P(e) 

at 300 and 375 Iii-bits/sec. is 1.5xlO~^ and 2x10“^, respe- 
ctively. For 150 W^bit/sec. and SNR of 14 dB, we get P(e) 
better than 1.25x10“'^. In Capt. R. Vfchi’ s study the ratio 
of full width at lOyi to symbol interval is 2.75 and in 
our study it is 3.18 and 3.9 for data rates 300 and 
375 l\ bits/sec, respectively. From the above this system 
so urns to be better. 

One could study the perfort^ance of DFE after actual 
moasuroments of the overall impulse response of the system 
and then simulating on the computer. 



102 


Another ise le for further study is the simulation 
of the entire system including line coder, bit synchronizer 
and decoder etc., on the digital computer. The performance 
of the system can also be studied after hardware inple- 
mentation of the DFE and then its performance can be 
compared with the simulation results. 

Finally system can also be investigated by considering 
tho affect of shot noise on the system. 
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R(6>»0*0 |BC7)»0,0000 



to? 

,7'>- OK ,)F PHE-Sf<PLTKTH’? T'-1»'JT..SE RESPOr'lSi 

Jil = ‘ " ."(■:«? OF oA'^Pb^’o l)F SlfSrFm IMPIJLSE RFSPOMSF 

,IF= FIIUKO ok FOKWAPi) FIbTKR TAPS 

Tc.= .jtMn.KP HK f’F.KDahCK F£T.XFR TBPS 
Tt* S = Nir’‘trH UF FliTURE ISl vSAOPt.F 

TFTFM = fM)0>FH IJF FUTURE ISl SBMPj.F REPORE f^IN TAP Of FWU FtL'»'EP 
rTOTslFS+irTUM 

IhA lEi-^ITFP.VrifVi uo PROi ^HERE VALUES OF TAP GAIW STORED 

T(;A iOUsUTKPATin i -lo UPTU »,uirn VALUES OF TAP GAIN SIORED 

1FT.;= iT,.:RATinf4 JO AT 'nHIFH AnAPTAftOM SIOp 

ri=/ ; UF = '^; jn=:S; IFSsI ; lFfRM=:l ;TTnT=iJ 

li:A.a'*.'’= 14‘n ; JRA'lCiEs 1497 ; rFix= 149S 

MkI UU'Ui 

v~it 
TKlsU 
unj .Hsii.O 

MnPaO.i) 

FAl.l. G05CCP 
no to IsU'l 
K = F + 1 

ftKaGOOr AF(, A) 

TFCAK.Of.0,5) go to 31 
AKs-t 
ijn I'n 32 
AF»1 .n 

nn 7i .TsUtTOT 

At.T) = I’lPU’r DATA TO THE SYSTE?^ 

A(.l)sAf J + l> 

rof.’TI.MUE 

ACTCHT+DsAK 

PliT JsMUMHER ONE LESS THAN THE NO OF H SAMPLE 
no "^3 vT*l,JH-l 

x(j)«x(j+n 

CONTINUE 

X£JH)*AK 



( 


VfK'S" 

<■' ''*<1 T r.-vrrxnrt liouAL to hu of « sample 

or.’ ’^4 Fsi.Oii 

TK(tr-Tj.<jr.*>J .30 fd 
VKs;K f!U !J ^X(.lM + l-0) 

KOii,\Td K Ti OF futuri*; sa iple Tii cnt4BiNEn tmp rebponbe 

'’9 TFf K,I,r. TFB) on TO 10 

OKaOiibOOFC MiKAO,Sir„!A) 

<■’ .T ro uPi‘0 Of) ilF PaF A.'lP fiA?'PI.K ‘AT.UFS 0''lt 

oi] To I=:1,JP-1 
r-iCJlao ,CJH) 

35 rdoriq'.: 

0, C JPJXOK 
AOKsO.'i 

r MO UF TT'‘■’.iATl:u^ IvJIIATj T[j mo of PRE-AOp SAMPLE 

no 3q .Tst,TP 

tf((t-.tfs-.t),lt.O) r,u to 30 

ANKaAilK + PCJ)*GH(JP + l-J) 

3t, COOTTOOe 

30 TK(./E.r;(j.o) GO TO 60 

FK=-1 ,0 

Go xn (,x 

60 FK = 1.<' 

61 TF(/.( 1 + IFTHH).F0,EK) GO TO 62 

JF1 =Trj1 +1 

r PK»1NPGT GtOf'lAL TO DEF 

62 RK sVKfANK 
TFfBK.Gu.O) GO TO 37 

C RK = !tFCn JSTRUCTFD DATA WITHOUT DFE 

SK s-1.0 
GO TO 38 
37 SK »1.0 

18 TFCACI+IFTRMI.EO.SK ) GO TO 40 

Mois«NniS+t 

TKCK.GT.tO) GO TO 41 


40 



J ( \M,AfaK,UK,5( C.TH'^ ,nM (,JP ) , A ( I + IF'TRM) , SK , 4K , rjK ) 
'•■nP’lA rf 10 ,*>X, 2 :FH. 3 . 2 P'b.l. 5 X,Al,r 5 . 1 , 3 X.F 6 . 1 ) 

r lAf' f'Aru irr.iiATioM start kriir thts point 


■1 3 nn I ■? r =1 ^OF-l 

TC T)=TC,J+n 

12 TO'O..; 

Tf.TKis^K 

r KUUATl- ,s TO Uii OF FUTURE SAfiPLES +NU UF EWD TAPS BEFORE MAIN TAP 

TFfA.i.r, f t'^UT) ) OU TO 10 

r orvt HA'ico lo wiitcw tat.^e of tap ^ain reoutrfd 

TF(t .uF.TOA.'lOK) 00 TO ?h 
TFCK.f,’^. TRAdGC) GO 10 26 
nr;j 11 J=1,,1F 

TFfJ) =FCJ) 

11 ruOTIHiiL’ 

OU 0 0 

RhCjI sR(,T) 
iM rf)HT'Tu"K 

r YKsiiilTPtJT OF FOUWARD FILTER 

26 YK=o 

0(1 1 3 I 3 t » IF 
YhsyKtTUI)*FfJ) 
ti roNTToni.: 

0(1 14 1=1, JH 

R(.T)=vSCJ + l) 

14 CnMTtiiHF 

C ZK*U!ITPUT OF FEEHtJACK TIT.TFR 

ZKa.O 

on H T 3l,JB 

7 ,K»’iK + S(.I)« 0 CJ) 

15 C(JNTTiO(E 

bcohlkstk-zk 

TFCSCURLK.r,e,C) GO TO 25 

S{OBTl)a-l 



1 1 1 

r, f.Tf'. ti i=:u,jr:iui5TKncTF:n n/\TA afifp dfii, 
f:n ’in 1 h 

.S( lMf j )~t 

TF (i*,, If’TX) <;.) Tn 24 

TFfn.-ii'.CCTtjT+D) (jn CP 27 
FK =(SC" {r.K»S(JBf1.) ) 

FKsl'I-'HPH ..iTGBATj 

U.JP Mr'! Y\T,VK Of K AS ni-iFlMKn FAPLTAB PbUS 1 AFTER TAPS AHK FIXED 

cnn-; rri-;pnTfn!\i ,n to fix taps catn 

TFf:* .oo.B ■) r,o tn 7.2 

F'P(oTr-5|.jFtAUFA 

no U .i=ujF 

F(.IJ -i)'>l3ArFU TAP UAXN VADUE Hf FORWARD FILTER 

FCj)=Ff 

TYPL*.FCl) 

ru'-ITI'PlF 

DO la .1 = 1, .Th 

PC IJsUPdATFU TAP GAIM VALUE OF FEEDBACK FILTER 

P(.Uau(jUFM(ILTl*S(J) 

roDTTilMF. 

TF(D(JiH1 J .GT.O) GO TO ID 
TCK=-1,'J . 
on 'L'n Yii 
TCKst 

TKCAfll .F0.1CK1 GO TO 21 

n(T)s'K' 

»'f(l?»Nu2fl 
WRITE! 'JU,t)i'iQ2,K 
TFfLOi.GT.IOQ) GO TO 70 
on TO 2B 
n(T)=',' 

Oivt SAME RAHGE to write THE TAP GAIN VALVES IN 0/P FILE 
TFfK.LF.THAriGE) GO TO 27 
TFfK.GT.TRANGE ) GO TO 27 
WRlTF(By,85>ClK,ZK,SCURLK,SlJ8+n,ECK)) 

WRITE C4S, 86 )CFFC.J) , 0=1 ,0F) . (BBC J) , Jal , J8) 



«Ter.fi 


^ 11? 

!’ ■’VfTar- UF FViD RtlACKrtAHD TAPS 

Hb P‘il>i.ATf2K,7CFl3.4)) 

'?7 r,u.Tr:i>i!; 

10 rii" rt ,,01:; 

70 !.>or tF( ib, n )jr-:i 

o'l 1(»X» 'MU OF RRROP T.Rpfi NniRE= * , l7 . 5x » F5 , t ) 

WKr'iK(4b, J?)NlHS,MD2,K 

Oi F!U‘ -lATfbX, 'MHOBfilR Of GRROH AFTFR Sf.ICEP AKE= ' , T6 , 5X , ' NUMBEP OF 

1 t-MPHO IN 1/P-O/p ARE=' , f4,BX, 'VALVE Of K = 'I7) 

OU 91 [=t,9P 

r ,PiT|.:f 1S,77U( ICCT»2S-2S+J) ,IP(T1'?S-2S+.T) , AC I + 25-25+J) ) , J = 1 ,25) 

OHTii'U lb,97 3 CiKIl'lOO-lOO+J) ,.1=^1 ,100) 

94 ruMTTiUO: 

97 Fr;0'.ATf ir!X,10o(AU) 

WRnE(4b,*)JEl 

WHTTFC4o,*)MniS 

no 05 £»l,('iP 

WHTTP(4b,97i (HC !♦ 100-1004 J) ,0*:1 ,100) 

05 ronTTilOK 

wr'TTF:(45 ,99) 

99 FOP, iP'fClOX, 'ERROR TM ITfRATinjj') 

nu 91 T=l,2 

WHT'i'Ft 15, 9H)(E( 1*10-1 >+0) .Jal ,10) 

91 rnHTTO'iE 

98 FURHftTC10ClX,h:l2,4) ) 

STOpjEOi) 



